Milk has been used routinely as an extender for sperm preservation. Caseins, the major proteins in milk, are proposed to be the protective constituents of milk during sperm preservation. It is unclear whether the whey proteins in milk are also implicated in the protection of sperm. Our previous studies have shown that the major proteins of bovine seminal plasma (recently named as binder of sperm or BSP, which comprises BSP1, BSP3, and BSP5 proteins) mediate a continuous phospholipid and cholesterol efflux from the sperm plasma membrane that is detrimental for sperm preservation. In this study, we investigated whether the protective effect of milk could be due to an interaction between BSP proteins and milk proteins. The binding of BSP proteins to milk proteins was demonstrated by gel filtration chromatography. Milk was fractionated into three fractions: the first containing whey protein aggregates and kappa-casein, the second containing all milk proteins, and the third containing small peptides, salts, and sugars. BSP1 has a higher affinity for the milk proteins in the milk fractions as compared to BSP3 and BSP5. The binding of BSP proteins to milk proteins was further characterized by isothermal titration calorimetry. We demonstrated that BSP1 binds to caseins and the titration could be simulated with a Scatchard approach, leading to an affinity constant (K a ) of 350 mM À1 and a stoichiometric parameter for the association (n) of 4.5 BSP1 per casein. The association between BSP1 and alpha-lactalbumin was characterized by a K a of 240 mM À1 and an n value of 0.8. These results indicate the existence of an interaction between BSP proteins and milk proteins that could be the origin of the protection of sperm during preservation in milk.
INTRODUCTION
The cryopreservation of sperm and artificial insemination (AI) techniques represent the most important achievements in dairy farming. These two techniques have enabled the worldwide distribution and use of desired genetic lines at a reasonable cost. The most commonly used media (also called diluters or extenders) to conserve mammalian sperm contain 20% egg yolk (EY) or milk (skimmed or whole). This basic constituent of sperm extenders has remained the same since the practice of AI began some 65 years ago (reviewed in [1] ). EY and milk being products of animal origin represent a potential risk of transmission of diseases. Therefore, there is an urgent need for developing synthetic extenders, which are free of products of animal origin. However, it is difficult to find replacement components for EY or milk because the mechanisms involved in sperm protection by these agents remain unclear.
Our work during the past 10 yr has provided new insights into the understanding of sperm protection by EY. We discovered that bull seminal vesicles secrete an abundant quantity of a family of phospholipid-binding proteins named binder of sperm (BSP) [2] . The BSP family comprises BSP1, BSP3, and BSP5 (previously called BSP-A1/-A2, BSP-A3, and BSP-30-kDa, respectively) and represents ;60% (w/w; 30-50 mg/ml) of total bull seminal plasma proteins [2] [3] [4] . The primary structure of the BSP proteins contains two fibronectin type 2 (FN2) domains repeated in tandem [5, 6] . These BSP proteins are added to sperm at ejaculation, bind to the sperm membrane, and selectively extract some lipids from membranes, a phenomenon that is essential for sperm fertility in vivo [1, 7] . Subsequently, sperm swim through the cervical mucous within 15-20 min, leaving behind seminal plasma. In this case, BSP proteins participate in sperm capacitation events that occur in the female genital tract [8] and are shown to have a positive effect on sperm fertility [1, 7] . However, when semen is collected for in vitro storage, sperm is in continuous contact with BSP proteins. These induce an extensive lipid removal from sperm membranes, rendering them sensitive to cold shock and freezing [1, 9, 10] . Interestingly, BSP proteins interact with low-density lipoproteins (LDL), the main constituents of EY extenders [11] . The beneficial effect of EY during sperm protection is proposed to be due to a rapid and stable interaction between LDL and BSP proteins (lipoprotein-protein interaction) that prevents the harmful effects of extended contact between BSP proteins and sperm membranes [9, 11] . Thus, we postulated that the sequestration of BSP proteins by EY-LDL is the major mechanism of sperm protection [1] .
Heated skimmed milk or whole milk is also used as an extender for sperm preservation. Semen is directly diluted in these extenders and stored at 48C or frozen in the presence of glycerol [12] . Milk is a complex medium composed in large part of water, lipids, proteins, sugars, and minerals [13] . Although lipids (lipoproteins, fat membranes, and phospholipids) in whole milk could protect sperm as with EY-LDL, they do not seem to be the constituents in milk that protect sperm during preservation, because skimmed milk (which is composed of less than 0.1% lipids) is as efficient as whole milk for sperm preservation during storage at 48C or during cryopres-ervation [14, 15] . Lactose is the most abundant sugar in milk (4.8%) [13] . Milk filtrate, which contains minerals and lactose, is insufficient to protect sperm during storage [16] . Lactose seems to improve the efficiency of the extenders but without being able to protect sperm during preservation by itself [17] .
The protective constituent in milk has been proposed to be the caseins, the major proteins of milk [10, [16] [17] [18] [19] [20] [21] . Caseins exist in milk as large colloidal aggregates, termed micelles, at a concentration of approximately 27 g/L, representing 80% (w/ w) of total milk proteins [13, 22] . The micelles have hydrodynamic radii that range from approximately 10-300 nm [23] [24] [25] [26] . They are composed of four different caseins, namely a s1 -, a s2 -, b-, and j-caseins (23.5, 25.2, 24, and 19 kDa, respectively). These micelles basically consist of a hydrophobic core of a s1 -, a s2 -, and b-, caseins, surrounded by a coat of j-caseins [22, 27] . Caseins are linked within micelles by calcium phosphate, each micelle containing between 20 000 and 150 000 caseins [26] . It has been demonstrated that sperm could be protected by casein micelles (isolated from milk) during their storage at 4-58C [10, 16, [18] [19] [20] [21] . Moreover, casein micelles can protect bull sperm during freezing in the presence of glycerol [17] .
The other proteins present in milk are collectively called whey proteins. They represent approximately 20% (w/w) of total milk proteins (i.e., a concentration of 6 g/L) and include b-lactoglobulin, a-lactalbumin, albumin, immunoglobulins, lactoferrin, and several other proteins and enzymes in trace amounts [13, 22] . b-Lactoglobulin and a-lactalbumin are the major whey proteins in milk (55% and 22% (w/w) of whey proteins, respectively). It is not clear whether whey proteins are implicated in sperm protection during preservation. Milk permeate (skimmed milk without caseins) is not sufficient to prevent the binding of BSP proteins to the sperm membrane, leading to loss of membrane phospholipids and cholesterol [10] . a-Lactalbumin alone is not sufficient to protect stallion sperm during storage at 48C [16] . However, this protein seems to improve the efficiency of the extenders that are used to cryopreserve ram sperm [28] . The supplementation with blactoglobulin of an extender containing native phosphocaseinate does not improve its efficiency when goat or stallion sperm are stored at 48C [16, 21] . When used alone, blactoglobulin has a protective effect on stallion sperm with an optimal concentration of 45 g/L, but this effect is less significant as compared to native phosphocaseinate [16] .
Recently, we demonstrated that casein micelles isolated from skimmed milk prevent the binding of BSP proteins to sperm membranes, thus preventing cholesterol and phospholipid efflux while maintaining sperm motility and viability during sperm storage [10] . Studies also indicated that the protection of sperm by milk is not due to the direct binding of milk proteins to sperm membranes during storage, and it was speculated that the mechanism may involve interactions of milk proteins with BSP proteins [10] .
In order to gain further insight into the mechanism of sperm protection by milk, we investigated, in the present study, the interaction between milk casein micelles and BSP proteins. Also, to assess whether other milk proteins could play a role in sperm protection, we examined if there was an interaction between BSP proteins and the major whey proteins (alactalbumin and b-lactoglobulin). We used gel filtration chromatography as a general approach to study the interaction between BSP proteins and milk proteins. Subsequently, we used isothermal titration calorimetry (ITC) to describe quantitatively the interaction between BSP proteins and milk proteins. We first examined the association of BSP proteins with heated skimmed milk, and second we detailed the thermodynamics of the association of BSP1, the most abundant protein of the BSP family in bull semen, with the milk proteins that were identified by gel filtration chromatography as the ones presenting the strongest affinity. ITC is a sensitive and powerful tool to study biomolecular interactions (weak or strong) such as protein-protein, antibody-antigen, or macromolecule-model membrane interactions [29] [30] [31] . 
MATERIALS AND METHODS

Materials
Isolation of BSP Proteins
Three different protein preparations were used. First, the preparation that includes all the bovine seminal plasma proteins was prepared as described previously [11] ; this crude protein fraction is designated by SP (seminal plasma proteins). The system of SP interacting with milk fractions is a representative model of the situation in which semen is diluted in milk. Second, BSP proteins, which consist of BSP1, BSP3, and BSP5 in an approximate ratio of 80:10:10, were isolated by affinity chromatography using gelatin-agarose stationary phase [32] . The reported method was modified by eluting the bound proteins with PBS containing 1 M arginine (nondenaturing conditions) and by dialysing the isolated proteins against MOPS buffer. This preparation is referred to as gelatin-bound seminal plasma proteins (GB-SP). Third, pure BSP1 was isolated as described previously [3, 32] .
Isolation of Casein Micelles
Casein micelles were isolated as described by Holt [33] . Skimmed milk (previously heated for 10 min at 958C and the coagulum removed) was allowed to reach room temperature and was transferred into 11.5-ml Quick Seal tubes (Mandel Scientific Co., Guelph, ON, Canada) and centrifuged (Beckman Ultracentrifuge, T-865 rotor; Beckman Coulter Canada, Mississauga, ON, Canada) at 70 000 3 g at 208C for 90 min. Supernatants were then discarded, and the casein micelle pellets were resuspended in 10 mM MOPS buffer (pH 7.4, 0.02% sodium azide) with gentle stirring overnight at room temperature. The dispersion was then centrifuged at 5000 3 g for 30 min at room temperature to pellet any undispersed material.
Gel Filtration Chromatography
Gel filtration chromatography was carried out on a Sepharose CL-4B column (78 3 2.5 cm) equilibrated with Tris-saline buffer (20 mM Tris-HCl, 150 mM NaCl, 0.02% sodium azide; pH 7.5) at room temperature at a flow rate of 79 ml/h. Fractions of 3.6 ml were collected, and their absorbance was measured at 280 nm. Elution profiles of SP were analyzed before and after incubation with milk fractions.
Analyses of Proteins by SDS-PAGE and Immunoblotting
Proteins were precipitated with trichloroacetic acid (15% [w/v] final concentration), reduced, denatured, and separated by electrophoresis on 15% (w/v) polyacrylamide gels. Proteins in the gel were then either stained with Coomassie Blue R-250 or transferred electrophoretically to PVDF membrane, as described by Matsudaira [34] . Proteins were probed with antiserum directed against BSP1 (1:10 000), BSP3 (1:3000), or BSP5 (1:2000). 
Isothermal Titration Calorimetry
BSP1, a-lactalbumin, b-lactoglobulin, milk, and caseins were individually diluted in MOPS buffer. The pH of the protein solutions was measured and readjusted to 7.4 if necessary with 0.1 N NaOH or HCl solutions. Every protein solution was filtered through a porous membrane of 0.2 lm (BSP1, GB-SP proteins, SP proteins, a-lactalbumin, and b-lactoglobulin) or 0.45 lm (milk and caseins).
ITC experiments were performed on a MicroCal VP-ITC calorimeter (MicroCal Inc., Northhampton, MA) at 378C. Samples were degassed before ITC experiments, except for milk and milk caseins in order to avoid affecting the micellar structure of caseins. The critical micellization concentration (CMC) of milk caseins, the concentration above which casein micelles are formed, was evaluated under the conditions used for the affinity experiments using ITC, by injecting casein micelles into MOPS buffer. For these experiments, the injectorstirrer syringe was loaded with 0.09 mM casein suspension (a concentration above the CMC). The reaction cell volume was 1.4527 ml. A run consisted of 19 injections of 10 ll, with each aliquot being injected in 24 sec with a delay of 200 sec between successive injections. During the course of the experiment, the concentration of casein in the measurement cell increased from 0 to above its CMC, leading to a drastic change in the recorded heat per injection [29] [30] [31] . The CMC was determined using the maximum of the first derivative of thermogram. For the titration experiments using milk proteins with seminal plasma proteins, the injector-stirrer syringe was loaded with a solution of GB-SP proteins or isolated BSP1, and the calorimeter cell was filled with diluted milk or a solution containing milk casein, a-lactalbumin, or b-lactoglobulin. The titration of heated skimmed milk (diluted in MOPS buffer to obtain a total protein concentration of 0.12 mg/ml) with GB-SP proteins (5 mg/ml) consisted of 25 injections of 10 ll (12 sec per injection and a delay of 350 sec between injections). Milk caseins (5 lM) were titrated with BSP1 (0.275 mM), and the run consisted of 21 injections of 10 ll (24 sec per injection and a delay of 300 sec between injections). BSP1 (0.319 mM) was injected in a-lactalbumin solution (0.038 mM) in 24 aliquots of 10 ll (8 sec per injection with a delay of 300 sec between injections). The dilution of GB-SP proteins or BSP1 protein in the buffer led to a small endothermic contribution, and the dilution of milk, caseins, a-lactalbumin, or b-lactoglobulin by the addition of buffer led to a small exothermic contribution. These were subtracted from the enthalpies measured during the titration. For each run, an initial injection of 0.5 ll (1.5 sec per injection with a delay of 150 sec between injections) was carried out. The data of the first injection was discarded, as the enthalpy of binding measured for the initial injection did not give rise to an observable variation of the heat flow [29] . Data were analyzed using the Origin software (version 5.0) provided by MicroCal (Piscataway, NJ). The reported average values and their standard deviations were obtained from triplicates.
Protein Assay
The protein content of the samples was determined by the modified Lowry procedure [35] .
RESULTS
Gel Filtration Chromatography Experiments
In order to screen the putative interactions between BSP proteins and milk proteins, we used gel filtration chromatography. Milk was fractionated into three fractions (Fig. 1A) . Proteins were present in Milk-Fractions 1 and 2 as demonstrated by SDS-PAGE (Fig. 1B) . Milk-Fraction 1 contained mainly a-lactalbumin (14.2 kDa), b-lactoglobulin (18.3 kDa), j-casein (apparent molecular weight of 28 kDa), and some high-molecular-weight proteins (45-110 kDa), which correspond to albumin, lactoferrin, and immunoglobulins. MilkFraction 2 contained mainly caseins (a-and b-caseins; apparent molecular weight of 29-33 kDa) as well as small amounts of a-lactalbumin, b-lactoglobulin, and j-casein. MilkFraction 3 did not seem to contain any proteins, but some small-molecular-weight components such as amino acids, salts, sugars, vitamins, etc., were present and that gave rise to the observed optical density. We have, therefore, focussed our study on the interactions between BSP and Milk-Fractions 1 and 2.
We first examined the interactions between the MilkFractions and SP, the total proteins from bovine seminal plasma. In the AI centers, the semen is diluted with milk at various dilution ratios depending on the sperm count and number of sperm to be packed per straw. Typically, the semenmilk dilution ratio varies from 1:5 to 1:20 (v:v), corresponding to a protein ratio of 1:5 to 1:18 (w:w). We studied the binding specificity of the BSP proteins to Milk-Fraction 1 and MilkFraction 2 by carrying out the affinity experiments with two different quantities of SP. We used a small quantity of SP (1 mg) corresponding to a high protein ratio (w:w; SP-MilkFraction 1 ratio of 1:4 or a SP-Milk-Fraction 2 ratio of 1:21; Fig. 2, A and B, and Fig. 3, A and B, respectively) and a large quantity of SP (10 mg) corresponding to a low protein ratio (w:w; SP-Milk-Fraction 1 ratio of 1:0.4 or a SP-Milk-Fraction 2 ratio of 1:2; Fig. 2, C and D, and Fig. 3, C and D,  respectively) .
In the gel-filtration chromatography experiments involving a small quantity of SP with Milk-Fraction 1, one large peak (Fraction a) dominated the chromatogram (Fig. 2A) . The subsequent eluted volume was pooled into six fractions (Fractions b-g; details in legend to Fig. 2) , and all these fractions were analyzed by immunobloting. BSP1 and BSP5 were detected in Fractions a-c, indicating that they interact with milk proteins in Milk-Fraction 1, and BSP3 was detected in Fractions e and f (Fig. 2B) . Gel filtration chromatography of large quantities of SP with Milk-Fraction 1 resulted in two major peaks (Fig. 2C) . The Fractions were pooled as indicated (Fig. 2D) .
Gel filtration chromatography of Milk-Fraction 2 with a small or a large quantity of SP gave essentially one broad peak that was separated into five fractions: Fraction a-e (Fig. 3 , A and C). When proteins were analyzed by immunoblotting, BSP1 was detected in Fractions a-c in which a small quantity of SP was used (Fig. 3B ) or in Fractions a-e in the presence of a large quantity of SP (Fig. 3D) . BSP3 was eluted in Fractions a-d when a small quantity of SP was used (Fig. 3B ) and in Fractions c and d in the presence of a large quantity of SP (Fig.  3D) . BSP5 was eluted in Fractions a and b and in Fractions a-d in the presence of a small quantity of SP (Fig. 3B ) and a large (Fig. 3D ) quantity of SP, respectively.
The chromatography of SP alone on the Sepharose CL-4B column, followed by immunoblotting using polyclonal antibodies directed against BSP1, BSP3, and BSP5, was carried out as a control. In these conditions, BSP proteins were essentially recovered toward the end of the elutions; they were found in Fraction f ( Fig. 2A) and Fractions d and e (Fig. 3A) when small quantities of SP were loaded and in Fractions d and e (Fig. 2C) and Fractions c-e (Fig. 3C ) when large quantities of SP alone were loaded (the immunoblot data are not shown).
ITC Experiments
In order to describe the thermodynamics of the interactions between the milk proteins and the BSP proteins, we carried out ITC experiments. We first examined the interaction between GB-SP proteins and heated skimmed milk. As shown in Figure  4 , there was an exothermic interaction between GB-SP proteins and milk constituents. Upon titration, the area of the peaks became smaller, illustrating the saturation of the binding of GB-SP proteins to the milk components. The heat flow associated with the last injections corresponded to the enthalpies of dilutions of GB-SP proteins and of heated skimmed milk. Despite the fact that a quantitative analysis of the thermogram is practically impossible due to the complexity of the system, these results establish clearly the existence of interactions between the two components.
We studied the interaction between BSP1, the major component of the BSP family, and various milk proteins. The first system involved caseins, as they have been proposed to be the main milk component acting as protection of the semen and they have been shown, using gel filtration chromatography, to interact with BSP1. In order to optimize the concentration of caseins used for ITC and to ensure that their dilution in the buffer would not lead to their demicellization, we first evaluated the CMC of caseins in the MOPS buffer used in this study using ITC [36] [37] [38] . The CMC of caseins at 378C in MOPS buffer was evaluated to be 1.4 6 0.1 lM (results not shown). Therefore, micellar caseins at a concentration of 5 lM (more than 3.5 times its CMC) were titrated with BSP1 (0.275 mM). As observed for heated skimmed milk, the interaction between BSP1 and caseins was exothermic (Fig. 5, top panel) . The surface of the peaks decreased with each BSP1 injection to reach a value characteristic of the dilution of BSP1 in buffer, indicating the saturation of the binding of milk caseins by BSP1. The variation of enthalpy of the system, calculated per injected BSP1 (DH) as a function of the concentration of BSP1 relative to the casein, has been calculated, and this titration curve (Fig.  5 , bottom panel) was analyzed with a standard Scatchard binding model. In the model, we expressed the casein concentration in moles of casein per liter, using an average molecular weight of 23 kDa [26] . This assumption includes that all the casein molecules are equally accessible, a situation which is likely not perfectly respected in the case of casein micelles. We also supposed that all binding sites are equivalent and independent and that the binding enthalpy per mole of BSP1 (DH a ) is constant over the whole titration. Despite these assumptions, it is notable that the isotherm titration data could be well simulated using such a simple model. The association constant (K a ) of BSP1 to a binding site on caseins, the stoichiometry (n) of the association in terms of the molar ratio of bound BSP1/casein, and DH a were used as fitting parameters (Table 1) . K a for the binding of BSP1 to caseins was 350 6 60 mM À1 . The stoichiometry n was 4.5 6 0.2, indicating the assembly of approximately 4-5 BSP1 molecules per casein. DH a was À7 6 2 kcal/mol of BSP1. The molar free energy of the binding (DG a ) and the molar binding entropy (DS a ) were calculated using
where R is the gas constant and T is the temperature in Kelvin degrees. DG a , and DS a were À7.9 6 0.1 kcal/mol and 1 6 5 cal/mol K, respectively. Therefore, it was concluded that the association of BSP1 and caseins is mainly enthalpy driven. Because BSP1 also showed affinity for Milk-Fraction 1, we studied the thermodynamics of the interaction between BSP1 and a-lactalbumin. The interaction between the two proteins was exothermic (Fig. 6, top panel) , and the titrations showed characteristic profiles where a progressive decrease of the surface of the peaks was observed. Again, the titration curves Fig. 3C) . For Western blot with anti-BSP1, the following protein concentrations were used: SP, 50 ng; M, 1 lg; F2, 1 lg; Fractions a-e, 50 ng. For immunoblots with anti-BSP3 and anti-BSP5, the following protein concentrations were used: SP, 400 ng; M, 1 lg; F2, 1 lg; Fractions a-e, 100 ng.
FIG. 4.
Isothermal calorimetric titration of heated skimmed milk (0.12 mg protein/ml) with GB-SP proteins (5 mg/ml) at 378C. (Fig. 6, bottom panel) could be well fitted with the Scatchard model using the a-lactalbumin concentration obtained from an average molecular weight of 14.2 kDa [22] . The resulting thermodynamic parameters are presented in Table 1 . The K a for the association was 240 6 70 mM À1 . The stoichiometry parameter n was 0.8 6 0.2, indicating that BSP1 and alactalbumin bind in equimolar proportions. The DH a was À8 6 3 kcal/mol of BSP1, and the derived DG a and DS a were À7.6 6 0.2 kcal/mol and À1 6 9 cal/mol K, respectively.
BASIS OF SPERM PROTECTION IN MILK EXTENDER
DISCUSSION
The prior work in our laboratory suggested that caseins may be responsible for sperm protection [10] . It was hypothesized that this protection could be due to an interaction between BSP, detrimental factors for bull semen preservation, and caseins, the major components of milk extender. In this study, we provide the first evidence that there is an interaction between BSP and casein micelles as demonstrated by using gel filtration chromatography. In addition, this work also established, using ITC technique, the details of the interaction between BSP and whey proteins (a-lactalbumin and b-lactoglobulin). These results support our novel concept that an interaction between BSP and extender components is crucial for sperm protection during the storage. Thus, detailed study of this interaction is the key for the improvement of current protocols for sperm protection and/or for the development of novel extenders, which are free of animal products.
Interaction of BSP Proteins with Milk Proteins by Gel Filtration Chromatography Studies
In order to demonstrate the interaction between BSP proteins and milk proteins, we used fractionated milk proteins (Fig. 1) . Milk-Fraction 1 essentially contained a-lactalbumin, b-lactoglobulin, and j-casein. Milk-Fraction 2 essentially contained various caseins.
BSP1 and BSP5 proteins had affinity for the proteins of Milk-Fraction 1 and 2 ( Figs. 2 and 3 ). BSP3 elution was not influenced by the presence of the milk proteins of MilkFraction 1, but it had affinity for the milk proteins of MilkFraction 2. This difference in their binding to the whey protein aggregates may be related to BSP glycosylation; BSP3 is the only BSP protein that is not glycosylated [4] . Interestingly, only BSP1 bound to Milk-Fraction 1 and 2 when a large quantity of SP was used, indicating a higher affinity of BSP1 for the milk proteins as compared to BSP3 and BSP5. These results are consistent with our previous study, which indicated that casein micelles essentially sequester BSP1 and as a result there is significantly less binding of this protein to sperm membranes during the storage. The net effect is the prevention of lipid loss from sperm membranes and protection of sperm [10] .
Interaction Between BSP Proteins and Milk Proteins by ITC
Using ITC, we detected an interaction between GB-SP and skimmed milk constituents (Fig. 4) . These results clearly established the existence of exothermic interactions between BSP proteins and milk proteins. In order to establish the specificity of the interaction, we examined the putative association using purified BSP1 because it had more affinity for proteins of Milk-Fraction 1 and 2, as compared to BSP3 and BSP5, and it is the most abundant BSP protein [39] . We demonstrated that there was an interaction between BSP1 and the casein micelles and a-lactalbumin (Figs. 5 and 6). We also observed an interaction between BSP1 and b-lactoglobulin. This interaction was exothermic, and the heat released was smaller (results not shown) than that released when BSP1 was injected in a-lactalbumin solutions. Despite an extensive exploration to optimize the protein concentrations, it was not possible to obtain a workable titration curve with blactoglobulin, suggesting a complex association of these two species.
The heat flow changes resulting from the injections of GB-SP to skimmed milk and the injection of GB-SP (results not shown) or BSP1 to casein micelles were similar (Fig. 4 and Fig. 5, top panel) . These observations suggest that the other constituents present in milk (proteins present in trace amounts, minerals, and lactose) did not seem to affect the interaction between BSP proteins and milk proteins and that BSP3 and BSP5 seem to interfere with the interaction between BSP1 and the milk proteins. In addition, the presence of BSP3 and BSP5 did not lead to significant changes in the titration thermograms compared to those obtained using exclusively BSP1. First, these BSP proteins have similar structural organization (including their ligand binding sites) [8] and similar binding properties (e.g., to gelatine, glycosaminoglycans, heparin, HDL, LDL, choline phospholipids, and oviduct epithelial cells) [7, 40, 41] ; therefore, it is possible that the thermodynamics of binding of BSP3 and BSP5 are similar to that of BSP1. Second, one must remember that BSP3 and BSP5 are found in limited quantities in the mixture and the precision of our measurements prevented us from conclusively pinpointing their contribution. The main conclusion is the existence, in physiological conditions, of attractive interactions between BSP1 and milk proteins, even in the presence of the other BSP proteins (BSP3 and BSP5).
The thermodynamic parameters calculated for the association between BSP1 and casein micelles or a-lactalbumin revealed that the two binding associations share some similarities ( Table 1 ). The association constants of BSP1 to casein micelles or to a-lactalbumin are in the same range. The binding enthalpies of the two systems are comparable (Table  1) , and they are, in both cases, the main contributor to the free energy of binding. However, our results show a greater binding capacity of caseins compared to a-lactalbumin, since one casein can bind up to 4.5 BSP1, whereas a-lactalbumin binds to BSP1 in approximately an equimolar proportion (;0.8). The pH and the composition of the media in which BSP1 is diluted influence its aggregation state [4, 42] ; therefore, it is possible that at 378C, BSP1 forms mixed micelles with the milk proteins. It should be noted that in the context of sperm conservation, bull semen is usually diluted in milk heated to 958C and cooled to 338C before use [43] . The average pH of bull semen is similar to that of milk (6.9 and 6.7, respectively) [13, 44] . The aggregation state of BSP proteins in diluted semen is not known, but the buffer, temperature, and pH used in this investigation are close to the conditions prior to sperm preservation. Thus, it is likely that during sperm conservation, BSP proteins could be interacting in a manner similar to that demonstrated in this investigation. Consequently, further work is required to identify the structural details of the resulting selfassemblies obtained with BSP proteins and caseins.
The protection of sperm by milk could then be provided mainly by the casein micelles, considering their large quantity in milk and their higher capacity to bind BSP proteins as compared to whey proteins. Such phenomena would explain why casein micelles but not whey proteins can protect bovine or stallion sperm during conservation [10, 16] . Though caseins in milk may be the main components of sperm protection, the whey protein aggregates containing j-casein (i.e., MilkFraction 1) could act in synergy with milk caseins to protect sperm during storage. Since the affinity of BSP proteins for alactalbumin is similar to their affinity for caseins (K a is in the same range), the presence of large quantities of a-lactalbumin or b-lactoglobulin could possibly prevent the binding of BSP proteins to the sperm membrane and thus protect the sperm during preservation. This hypothesis remains to be evaluated.
Mechanism of Sperm Protection by Milk and Egg Yolk Extenders
The current study suggests that the mechanisms of bovine sperm protection by extender seem to share a common characteristic: the sequestration of the BSP proteins by protective compounds in extenders. In case of milk, it would be a protein-protein interaction that leads to sperm protection, whereas it would be a protein-lipid interaction in the case of hen EY [1] . The interaction between the BSP proteins and the protective compounds in extenders is proposed to be strong enough to allow the sequestration of BSP proteins from seminal plasma, preventing their binding to the sperm membrane. However, the protective compounds would still allow some BSP proteins to bind to the sperm membrane and maintain fertility of the sperm.
Interestingly, skimmed milk is used as an extender for sperm of other mammalian species, such as ram [45] , goat [46] , stallion [47] , and buffalo [48] . Since BSP homologs have been identified in the semen of all of these species [7] , it could be postulated that the mechanism of sperm protection by milk may be similar for all mammals.
In summary, we demonstrated for the first time that BSP proteins interact with casein micelles, a-lactalbumin, and blactoglobulin, the major milk proteins. This interaction indicates that the protective effect of milk on sperm is similar to that provided by EY. Interestingly, the mechanism of sperm protection by milk seems to involve a protein-protein interaction rather than a protein-lipid interaction as observed with EY. These findings should help improve current sperm extenders and develop novel extenders free of animal sources that could be used for sperm storage in the liquid or frozen state.
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